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ABSTRACT 


The transonic cascade wind tunnel at the Turbomachinery 
Laboratory was modified by incorporating a perforated wall 
section in the upper nozzle block. The purpose of this 
modification was to cancel the oblique shock waves from the 
cascade blades and to aid in starting the supersonic flow 
in the tunnel. Test results indicated that the modification 
performed successfully. Supersonic flow was established 
through the cascade blading which models the relative flow 
at the tip of the laboratory's transonic compressor. A 
butterfly valve must yet be installed in the cascade 
exhaust to produce back pressures corresponding to the 


compressor's transonic operation. 
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Pl RODUCT LON 


The purpose of the work reported here was to modify 
and perform the initial testing of the small transonic 
cascade wind tunnel model as one task in the Transonic 
Compressor Research Program at the Naval Postgraduate 
School (NPS), Monterey, California. The cascade wind 
tunnel model was constructed in 1978 [Reference 1] in 
Building 230 at the NPS Turbopropulsion Laboratory. 
Preliminary blowdown tests were made through the empty 
nozzle [Reference 2]. Safe operation and good pressure 
control at a stagnation pressure of 50 psia for test times 
of up to 2 mins were verified. Impact pressure probe 
surveys on the vertical centerline at the nozzle exit 
Seewed the flow to be uniform to with + 0.008 at a Mach 
number of 1.415. 

The goals achieved in the present study were to design 
and install a porous wall section in the upper nozzle block, 
install the test blading and then to conduct the first 
experimental evaluation of the completed cascade model. 
Details of the porous-wall modification made to the nozzle 
are given in Appendix A. A modification made in the design 
of the cascade blade mounts to simplify the assembly of 
the cascade, is also given in Appendix A. 

Following the modifications, a program of tests was 


run which was in three parts. First, Calibration Tests of 
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the empty wind tunnel were conducted to verify tunnel 
operating conditions, and to establish a baseline for the 
pressure distribution through the test section. Following 
the Calibration Tests the cascade blades were installed 

and a series of initial Cascade Tests was conducted which 
verified that the blades and blade mounts and the perforated 
wall section had adequate strength, that the cascade model 
would "start" with the perforated wall vented to atmosphere, 
and that the scoops and by-pass ducts also worked properly. 
Detailed data was obtained and is discussed herein. 

Finally, the blades but not the scoops were removed and 
Wave Cancellation Tests were run to evaluate the effective- 
ness of the porous wall. 

The instrumentation used in the tests consisted mainly 
of 89 static pressure taps distributed over the cascade side 
walls. Data was recorded and immediately analyzed uSing a 
Hewlett-Packard Model HP-3052/9845A data acquisition system 
interfaced with two 48 port Scanivalves. Software developed 
for the tests is detailed in Appendix B. 

The body of the present document details the method 
and results of the three sets of tests. In Section II, the 
Cascade Wind Tunnel Model and instrumentation system are 
explained. In Section III, the test program and procedures 
are presented. An analysis of the results is presented in 
Section IV. Concluding remarks and recommendations are 


presented in Section V. 
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If. CASCADE WIND TUNNEL MODEL AND INSTRUMENTATION 


Xs INSTALLATION 

Views of the Cascade Wind Tunnel installation are given 
in the four sections of Figure 1. The installation was 
modified from that presented in Figure 5 of Reference l. 
First, the butterfly valve shown in Reference 1 was not 
installed. Second, during the Calibration Tests of the 
empty tunnel the scoop exhausts and perforated wall plenum 
exhaust were capped. Finally, the initial Cascade Tests, 
with blades installed, were conducted with scoop exhausts 
and perforated wall plenum vented locally to atmospheric 
conditions. 

The design Mach number and total pressure for the 
cascade wind tunnel model were 1.4 and 50 psia, 
respectively [Reference 1]. 

Peet eol SECTION 

The test section configuration differed from that 
presented in Reference 1 because instrumented aluminum 
plates were used in place of the proposed plexiglass 
windows, and the upper nozzle block was modified to 
include a perforated wall section. The cascade configura- 
tion for each test is given in Section III. 
C. INSTROMENTATION 

To measure nozzle and test section static pressures, a 
series of 89 static ports were installed in the aluminum 


side (window) plates, 74 on the front plate and 15 on the 
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rear plate as seen in Figures lc and ld. The static tap 
design is shown in Figure 2 which also shows the adopted 
system of axes. The coordinates of the ports are given in 
Table I. 

The plenum total pressure was measured uSing a static 
tap in the plenum sidewall. (At design conditions of 50 
psia and 520° R in the plenum, the static pressure and 
total pressure were negligibly different). All pressures 
were recorded by the data acquisition system (Appendix B) 
through two 48 port Scanivalves. One Scanivalve was 
equipped with a 0-15 psig the other with a 0-50 psig 
transducer. Both transducers were calibrated to read in 
Sete tO an accuracy of 0.01 psila. 

The Scanivalve connections to the 89 test section ports 
are given in Table i. Ports 1 and 2 on each valve were 
connected to atmosphere and to the reference side of the 
transducer respectively. Port 3 on Scanivalve 1 was 
connected to plenum pressure. When the flow through the 
perforated wall was measured, the plenum exhaust static 
pressure and impact pressures were connected to ports 46 


and 47 of Scanivalve 2 respectively. 
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Iit. TEST PROGRAM AND PROCEDURES 


Pec ALLBRATION TESTS 

Test runs were made first with the tunnel test section 
configuration shown in Figure 3. Data from two runs are 
reported. The blades and scoops were removed, and the 
by-pass ducts and perforated wall plenum exhaust were 
capped. The tests were conducted to determine a baseline 
Static pressure distribution in the test section. The 
first test also served to verify the nozzle operation at 
design conditions, and to verify that data could be 
obtained within the available tunnel run time. 
B. CASCADE TESTS 

Runs were made next with the tunnel configured as shown 
in Figure 4. Data from two runs are reported. The 
blades and scoops were installed with the flat sides 
(bottoms) of the blades aligned with the tunnel axis. The 
by-pass ducts and perforated wall plenum were vented to 
atmospheric conditions. The tests were conducted to 
verify that the flow would fully start through the cascade 
model at design pressure and to obtain first measurements. 
The effectiveness of and flow through the perforated 
section of the upper nozzle block were also evaluated. An 
estimate of the flow rate from the porous section was 


obtained using measurements of the static pressure 
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in the perforated wall plenum exhaust pipe and of the 
total pressure at the exit of the pipe. 

One test run was made with the same test section 
configuration but with the perforated wall plenum exhaust 
capped. 

C. WAVE CANCELLATION TESTS 

The final runs were made with the blades removed and 
the scoops installed as shown in Figure 5. Data from the 
two tests are reported. The by-pass ducts and perforated 
wall plenum were vented to atmospheric conditions for the 
first run and capped for the second. These runs were 
made to set up a condition where just one shock wave was 
present in the test section in order to more easily evalu- 
ate the performance of the perforated wall in reducing 
shock reflections. 
Pee test FROCEDURE 

The procedure followed in each test was the same. 
First the flow was started through the tunnel by opening the 
manual shut-off valve, followed by the pneumatically 
operated control valve (Figure 1b). The stacnation supply 
pressure was brought rapidly to, and controlled at 50 
Meta. {+ 2 psi in all tests). A single entry at the 
data system keyboard initiated the sequential stepping 
(and recording) of the Scanivalves through 96 ports. When 
the scan was completed, the control.and shut-off valves were 


closed. The recorded data were first stored on magnetic 


ey 





cartridge tape and then recovered by a data analysis program 


which generated plots of the measured pressure distributions. 
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IV. RESULTS AND DISCUSSION 


A. DATA PRESENTATION 

Fourteen tests were conducted in the present study. 
Six sets of experimental data, two from each of the three 
types of tests conducted, were analyzed and the results 
included herein. These data are presented in Appendix C. 
B. DATA ANALYSIS 

The flow in the cascade wind tunnel was examined by 
comparing the expected shockwave patterns [References 3 
and 4] in the cascade with the measured distributions of 
the pressure ratio Ey Eee) at the wall. Ina flow at Mach 
number 1.4 an oblique shock can result in a maximum static 
pressure rise of approximately 23 percent. A normal shock 
causes the static pressure to more than double. Comparison 
of pressure ratio data for ports at the same position but 
on opposite faces of the tunnel test section indicated 
that there was no significant difference at the two walls. 
Plots of pressure ratio along the tunnel longitudinal 
centerline and along the four rows of pressure taps upstream 
of the blades at the cascade stagger angle (Figure 6) were 
made and used to examine the tunnel flow characteristics. 

It should be noted that the following is a preliminary 

and limited analysis of recently obtained data. The data 
points on each plot have been joined by straight lines. In 


some cases only, the more probable distribution between 
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points has been indicated by broken lines. 
C. CALIBRATION TESTS 

The expected primary wave pattern for this test configu- 
ration is shown in Figure 7. Since the nozzle was under- 
expanded, an expansion fan was expected from the end of the 
tower nozzle block and an oblique shock might occur from 
eiembhower nozzle block and an oblique shock might occur from 
the lower bypass protrusion. A plot of pressure ratio vs. 
position along the tunnel centerline is given in Figure 8a. 
In this figure, the expected expansion fan appeared clearly and 
a small compressive disturbance might also have been present. 
Plots of pressure ratio along the four diagonal rows of 
pressure taps are given in Figures 8b to 8e. The region 
covered by these taps was seen to be free of strong waves, 
and the effect of the expansion fan from the lower nozzle 
could be traced. Of considerable importance is the degree of 
uniformity observed in all the taps which were upstream of the 
expansion fan. This upstream region should be unaffected by 
the installation of the cascade blades. The results of the 
two calibration runs were compared and the results were 
observed to be repeatable. 
D. CASCADE TESTS 

1. Perforated Wall Plenum Exhaust Capped 

The results of the test conducted with the tunnel 

in its design configuration with the perforated wall plenum 
capped resulted in the tunnel flow not starting at the design 


supply plenum total pressure of 50 psia. The pressure ratio 
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along the tunnel longitudinal centerline is shown in Figure 
9. Examination of the levels of pressure suggested that the 
flow was choked (pressure ratio - 0.5282 if losses are 
neglected) at the throat of the blade passage and that the 
nozzle itself was operating subsonically at the test section. 


2. Perforated Wall Plenum Vented to the Atmosphere 





Allowing flow through the perforated section of 
the upper nozzle block by uncapping the exhaust resulted in 
the flow being fully started at the design plenum pressure 
of 50 psia. The expected flow with the blades and scoops 
installed is shown in Figure 10. The side-wall pressure 
distribution is shown in Figure lla to Figure lle. The 
effect of the shock waves generated by the blades can be 
seen by comparing the data in Figure 1l with the corresponding 
sections of Figure 8. A comparison of Figure lla with 
Figure 8a, and of Figure 1lb with Figure 8b showed that 
the pressure rise from the first shock wave (labelled A in 
Figure 11) began measurably ahead of the position of the 
shock wave shown in Figure 10. Also, if the pressure drop 
upstream of point B on Figure lla, which was repeated on 
several other runs made with this configuration, was correctly 
interpreted to be the expansion caused by the upper surface 
of the nearest blade, then the bow shock from that blade also 
appeared to be shifted forwards. These effects may have been 
the result of shock wave-boundary layer interaction on the 


Side walls, but closer examination of the data is 
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needed before definite conclusions are drawn. The probable 
distributions of pressure indicated in Figure lla were 
inferred from the comparison with Figure 8a and with data 
obtained in the Wave Cancellation Tests. 

For the data shown, the velocity at the exhaust port 
from the perforated wall plenum was calculated to be about 
47 ft/sec and the mass flow rate was approximately 0.1 
percent of the tunnel mass flow rate. 
E. WAVE CANCELLATION TESTS 

1. Perforated Wall Plenum Vented to the Atmosphere 

The test section configuration and expected wave 

pattern are shown in Figure 12. The measured pressure 
distributions are shown plotted in Figure 13a to l3e. 
In Figure l3a, the (first) oblique shock wave was clearly 
indicated. The reflected shock wave did not appear, probably 
as a result of the strong expansion of the flow over the 
Suction surface of the lower scoop. 

The velocity at the plenum nozzle exit was approximately 
12 ft/sec and the mass flow rate therefore significantly less 
than 0.1 percent of the tunnel mass flow rate. 

2. Perforated Wall Plenum Exhaust Capped 

The pressure distributions when the net flow rate 

through the perforated wall was reduced to zero are shown 
in Figure 14a to l4e. 

An examination of the magnitudes of the pressure ratios 
in comparison to corresponding sections of Figure 13 showed 


that the effect of capping the exhaust was felt everywhere 
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downstream of a Mach wave emanating from the beginning of 
the perforated wall. The pressures were lower downstream 
of the Mach wave when the wall exhaust was open compared to 
when it was capped. It appeared therefore, that the effect 
of the unrestricted mass bleed was to propagate an 
additional expansion fan from the top wall across the test 
section. 
F. STRUCTURAL INTEGRITY 

The structural adequacy of the blades, blade mountings 
and upper nozzle block modification were verified at design 
operating conditions. No deterioration was evident after 
the reported program of tests was completed. 
G. CASCADE PERFORMANCE 

The cascade was designed as a model of the relative 
flow at the tip of the transonic compressor being tested 
at the Turbopropulsion Laboratory. The present results 
indicate that there was a net pressure drop rather than a 
pressure rise across the blade row, as occurs in the .com- 
pressor. This was because the back pressure on the blades 
at a supply pressure of 50 psia was too low. A control on 
the back pressure is necessary in order to adjust the shock 
waves from the bottoms of the blades to become normal 
shocks ahead of the blade passage throats. An examination 
of the present data suggested that the shock waves off the 


bottom of the blades were, in fact, weak and oblique. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


This document reports the initial testing of the tran- 
sonic cascade wind tunnel model. Detailed wall static 
pressure measurements were obtained both with and without 
test blades installed, and with and without flow from a 
perforated wall section newly installed in the upper 
nozzle wall. 

All tests were at the design total pressure of 50 psia. 
Wave-free flow was verified at the exit of the empty nozzle, 
and repeatable reference data were established against which 
to evaluate the effect of installing the blades. With 
blades installed, expected bow shock waves and suction-side 
expansion fans were detected from the blading. However, 
lack of control on the back pressure allowed the flow to 
remain supersonic throughout the blade passages. The 
incorporation of the perforated wall in the upper nozzle 
block was found to be required in order for the flow in 
the tunnel to start when the blades were installed. The 
complete cascade wind tunnel model was structurally sound 
at design operating conditions. 

Two modifications are recommended before :testing iss 
resumed. First, the butterfly-valve called for in the 
original design [Reference 1] should be installed in the 


cascade exhaust duct. The valve will allow the cascade back 


pressure to be varied over the range to be expected in 
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the flow through the compressor rotor, of which the 

cascade 1S a two-dimensional model. Second, an optical 
window sould either replace or be incorporated into the 
present aluminum window plates. The flow visualization 

by Schlieren which the windows would allow, would 

greatly simplify the problem of evaluating effects of 

back pressure and perforated wall bleed rates on the 

wave structure in the cascade. This could greatly simplify 
the problem of optimizing the wave cancellation function of 
the perforated wall, and of selecting conditions at which 
detailed pressure, and possibly probe data, should be 


recorded. 
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Cascade Wind Tunnel Model Installation 


Figure la 


Laboratory View 
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Cascade Wind Tunnel Model Installation 


South side of Test Section 


Figure lc 
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Figure 1d Cascade Wind Tunnel Model Installation 
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Pagure 3. Test Section Configuration for Calibration Tests 
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Figure 4, 


Test Section Configuration for Initial Cascade 
Tests 
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Bigure 5. 





Test Section Configuration for Wave Cancellation 
Tests 


35 Q 








Fagure 6. Centerline and Four Diagonal Rows of Static 
Pressure Taps for Which Data are Plotted 
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Figure 7. Expected Test Section Wave Pattern (Calibration Tests) 
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APPENDIX A 
TRANSONIC CASCADE WIND TUNNEL MODIFICATIONS 


fee UPPER NOZZLE BLOCK MODIFICATION 

The performance of the cascade wind tunnel would be 
enhanced in two ways by incorporation of a perforated wall 
section in the upper nozzle block in the original tunnel 
test section [Reference 1]. First, a properly designed 
perforated wall would minimize the reflected disturbances 
caused by the shock waves generated by the blades and 
scoops. Second, the perforated wall, due to the air 
bleeding through it, would also assist in starting the 
transonic flow through the cascade. 

a. Wave Cancellation Principles 

In the transonic cascade wind tunnel operating at 

design conditions of Mach number equal to 1.4 at the nozzle 
exit, the blades will produce compression and expansion 
waves which will be reflected at the tunnel boundaries. 
Solid walls reflect shock waves as compression waves and 
expansion waves (generated as the flow follows the 
blade curvature) as expansion waves. An open boundary 
requires that a condition of constant static pressure be 
met along the boundary. A compression wave meeting an 
open boundary reflects as an expansion wave and an 


expansion wave reflects as a compression wave. The 
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reflected waves in both the above conditions, in the case 
of the test cascade, would result in undesirable conditions 
that are not representative of the flow in an operating 
compressor. Since the open and solid boundaries produce 
wave reflections having opposite characteristics there is 

a possibility of eliminating the reflections by the proper 
mixture of open and solid boundaries. The ideal condition 
for shock wave cancellation would exist if the inclined 
flow behind the oblique shock produced a pressure drop as 
it flowed through the wall equal to the pressure rise 
through the incident oblique shock wave. This would result 
in equilibrium between the static pressure in the flow and 
in the plenum and no reflection would occur. Linearized 
theory of wave cancellation in perforated wind tunnels 
[Reference 5], resulted in the following equation for the 


open area ratio, R, , for no reflection. 
2 - 2 (5 -ajo- 
q (M“ - 1)? 


This equation implied that the required open area 
ratio is independent of Mach number and shock intensity 
and for the present case would be heave a value of R= 0.5. 

In actuality the flow is not isentropic and does 
not follow linearized Prandtl-Glauert theory and in the 
transonic Mach number range the perforated wall open area 


ratio required for wave cancellation is significantly 


reduced from that predicted by linearized theory. 
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b. Perforated Plate Design 


The design of the perforated plate required that 


the following parameters be considered; plate size, hole 


size, hole inclination, open area ratio, plate thickness 


and hole pattern. 


a) 


(2) 


The size of the section of the upper 
nozzle block to be replaced by the 
perforated plate was determined by 

the expected shock wave pattern 

caused by the blades and scoops at 
design operating conditions. The 
shock wave pattern was determined 

over the full range of blade incidence 
angle available (+ 3 deg) in the 
cascade. The plate was designed to 
insure that the forward-most shock 
would imoinge on the plate downstream 
of the first row of perforations. 

The determination of the hole size, 
that is, the diameter measured per- 
pendicular to the axis of the hole, 
was based on two criteria. Experi- 
mental results presented in Reference 
6 indicated that the hole diameter 
was optimized when it was approximately 


1/80 of the tunnel height. These 
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(3) 


(4) 


experiments also determined that the 
displacement thickness of the boundary 
layer should not exceed 15 per cent 

of the hole diameter in order to 

avoid irregularities in the flow over 
the perforated plate. 

The determination of the best inclina- 
tion of the holes for the present 
cascade wind tunnel was based on 
linearized theory and experimental 
results as presented in References 5 
and 6. Holes inclined in the direction 
of flow drastically reduced out-flow 
resistance and increased inflow 
resistance (Figure A.1l). The inclined 
holes also resulted in characteristic 
curves of wall pressure differential 
vs. mass flow ratio having significantly 
steeper slopes at small and negative 
flow ratios. Using inclined holes 
avoided the irregular characteristic 
produced by straight holes. 
Experimental results reported in 
References 5 and 6 were used in 
selecting the proper open area ratio 


for the perforated wall section. 
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(5) 


(6) 


Experiments indicated that the open ratio 
required for wave cancellation with 
inclined holes was approximately 25 per- 
cent of that required for normal holes. 
The requirement for fewer holes greatly 
eased the problem of fabricating the 
perforated plate and reduced the risk of 
structural weakness. 

When the above plate design parameters 
were selected the plate thickness was 
considered. The effectiveness of the 
inclined hole ¢onfiguration to guide 
inflow against test section flow 
requires that the lengths of the 
inclined holes are sufficient to produce 
this counter flow effect. Experimental 
data [Reference 5] indicated consistent, 
nearly linear characteristics when the 
hole diameter was between the plate 
thickness and twice the plate thickness. 
A plate thickness very nearly equal to 
the hole diameter was selected to insure 
the maximum plate bending strength 
without degrading the design with respect 
to wave cancellation. 

The perforation pattern was selected to 
give an even hole distribution over the 


4 
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entire width of the upper nozzle block 


in the area covered by the perforated 


plate. 


The hole stagger angle, hole~ 


_to~hole and row-to-row separations were 


calculated to insure that the plenum 


plate support ribs would not be 


rFeStEiLctive. 


Data resulting from the design of the perforated plate 


is given in Figure A2. 


Table A-l. 


Open Area Ratio (R) 
Plate Thickness 
Hole Diameter, in, 
(perpendicular to 
hole axis) 

Hole Inclination 
Plate length, in 
Plate width, in 
Hole Stagger Angle 


Hole-to-~Hole 
Separation (in rows), in 


Row Separation, in 


Material 
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are given in Table A~-l and the machine drawing of the plate 


Perforated Plate Characteristics 


Ov 
oe 


0.040 


0.047 


60 deg 
4.375 
ere |0 
15.16 deg 


0.167 
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7075-T6 Aluminum 





c. Perforated Wall Plenum Design 
The perforated wall plenum was designed to provide 

an evenly distributed pressure on the plenum side and to 
provide the required structural support for the perforated 
wall. The even pressure distribution on the plenum side of 
the wall was essential to create an even mass outflow over 
the entire perforated plate area. 

The design required that when the plate was installed 
the dimensions of the upper nozzle block matched those 
of the original design [Reference 1] under all anticipated 
tunnel operating conditions. The plenum ribbed mounting 
structure was designed so that the stresses in the plate 
did not exceed the tensile strength or cause a bending 
deflection greater than 0.0005 inches with a pressure 
differential of 3 atmospheres across the plate. The stress 
(S) and deflection (W) were determined in accordance with 


Reference 7 using the equations: 


note 
Sm e Zz 
t 
a 
wy = aes 
Bt 


Since it was difficult to predict accurately the degree 
of weakening of the plate caused by the perforations, the 
worst case conditions were used. The stress coefficient (8) 


was taken for the case where all the edges of the plate 
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sections analyzed were clamped, and the deflection coeffi- 
client, (a),was taken for the case where the section analyzed 
had all edges pinned. 

The. plenum exit was sized so that at the anticipated 
wall mass flow rate of less than 0.4 percent of the 
tunnel mass flow [Reference 5], by continuity, the exit 
velocity would be approximately 50 ft/sec. 

The "O" ring on the upper nozzle block was rerouted 
around the perforated wall plenum. The machine drawing 
for the upper nozzle block modification is given in 
Figure A3. 

d. Final Assembly 

Views of the nozzle modification are given in 

Figure A4. The perforated plate was attached to the modi- 
fied upper nozzle block with two screws on each end of the 
plate and Conley Weld Epoxy along the edges of the mounting 
ribs. The reassembled nozzle was reinstalled in the cascade 
wind tunnel. 
A.2. BLADE AND MOUNTING PINS MODIFICATION 

Revised [from Reference 1] machine drawings for the 
cascade blades and blade mounts are given in Figure A5. The 
revisions were required in order to show required blade 
dimension tolerances and surface smoothness, and to change 
the blade mounting pin design to make assembly easier. 
Cascade blade data are presented in Table A-2. The blades 
were manufactured by Experimental Engineering, Inc. of 


Irvine, California. 





Table A-2 Cascade Blade Data 


Scale Factor (z) 
Stagger Angle (y) 
Camber Angle (6) 
Blade Spacing (s), in 
Blade Chord (c), in 
Leading Edge and 
Trailing Edge 

Radii, in 


Suction Side 
Radius, in 


Maximum Thickness, in 


Ore 

59 deg, 
4.7 deg 
1.344 


eee 


ay 


11.431 


~045 


44 min, 


55 sec 





Plow tOlaon Lest Sect von 


—(— 


Flow Into Test Section 


Figure A.1l Streamline Pattern for Inflow and 
Outflow Through a Wall with Inclined 
Holes 
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APPENDIX B 
DATA ACQUISITION SYSTEM 


Bl. SYSTEM HARDWARE 

The Hewlett Packard model 3052A/9845A Automatic Data 
Acquisition System was used for both data acquisition and 
reduction. The system was augmented with the HG-78K 
Scanivalve Controller [Reference 8] and two 48 port Scani- 
valves’. The components of the HP 3052A data acquisition 
system are: 

(1) HP-9845A Desk Top Computer/Controller, 


(2) HP-3455A High Resolution/High Accuracy 
Digital Voltmeter, 


(3) HP-3437A System Voltmeter, 

(4) HP-3495A Scanner 

(5) 98035A Real Time Clock 

(6) HP-IB? 

The integrated data acquisition system (Figure B.1l) is 


shown schematically in Figure B.2 


‘"Scanivalve" is the registered trademark for a 
mechanical pneumatic selector switch manufactured by Scani- 
valve Corporation, P.O. Box 20005, San Diego, California 
mzi20. 

*The HP-IB is the Hewlett-Packard implementation of 
IEEE Standard 488-1975, "Digital Interface for Programmable 
Instrumentation". 
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B2. DATA ACQUISITION AND REDUCTION PROGRAM 

The modified BASIC Program "CASDAT" was written to 
acquire, store, and reduce data using the Hewlett-Packard 
HP 9845A computer and peripherials described above. The 
program is interactive with the operator and as such can 
be used for either data acquisition and storage or data 
reduction and storage, or both. The HP 3052A Data 
Acquisition System Software Package contains a large number 
of subprograms to simplify and expedite the data 
acquisition process, and several have been merged into 
Program "CASDAT". 

The program listing provided in Table B-1 is self 
explanatory in that neumonic variable names are used. 
The program also contains remark (REM) statements to 


aid interpretation. 
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TEST DATA 


The results of the Calibration Tests, Initial Cascade 
Tests, and perforated wall Wave Cancellation Tests are 


given in Tables C-l, C-2 and C-3 respectively. 
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me to. 13 Static Pressure= 15.374 PYPLa= . 3156 Mach= 1.3353 
ap Ho. 14 Static Pressurz= 14.547 Pe Ria. 232 Mach= 1.435 
Mm Ho. 15 Static Pressure= 156.360 P/PLBe= . 3305 Mach= 1.384 
me tlio. Le Static Pressure= 16.1540 PYPiw= . 32250 iNeach= leees 
ms tio. If Static Pressure= 15.837 P/YPtU= .319 Mach= 1.337 
ap Ho. 1s Static Pressure= 15.0855 PvPtg= . sire flese= i lec 
Be He. 12 Static Fressure= 15.922 PYPtH= .32le Mach= 1.365 
ap Ho. 2k Static Pressure= 15.514 P-Pta= 3133 Mach= 1.482 
Oe Ho. 21 Static Pressure= 15.135 PePte@= . 355 Mach= 1.419 
op Ho. ce Static Pressure= 14.5990 PePtM= .23de Mach= 1.474 
|p Ho. 23 Static Pressure= 12.976 PePtm= .2ne1 NMach= 1.526 
ap Ho. a4 Static Pressure= 16.857 PePtg= . S365 Mach= 1.351 
Mo Ho. 25 Static Pressure= 15.141 PYPtiw= .3455 Mach= 1.415% 
ap Ho. 2h Static Pressure= 13.373 PePta= .2524 Mach= 1.475 
Se Ho. of Static Pressure= 13.780 Pv PLg= .27s4 Mach= 1.435 
ap Ho. 2& Static Pressure= 13.352 PoRiH= .2oor Mach= 1.587 
me Ho, 2 Static Pressure= 13.536 PePtg= . 2694 Mach= 1.50% 
app Ho. SY Static Pressure= 13.171 PePta@= .2eel Mach= 1.516 
Be Hea. 31 Static Pressure= 12.55% PePtg= .2545 NMach= 1.547 
me No, se Static Pressure= 11.94F PYFta= .2414 Mach= 1.53% 
me tla, ‘3-3 Static Pressure= 15.683 PePtw= . 3152 Meaeti= 1.234 
ap Ha. 34 Static Pressure= 13.662 PYPras .2Prfeba Mach= Leds 
me tia. 25 Static Pressure= 13.240 PYPtw= .2675 faei= leale 
me to. 36 Static Pressure= 12.854 PYFLW= . 26053 Mach= 1.531 
mo Ho. sr Static Pressure= 12.382 PYPLta= , Shas Spee Lae ates UI 
mee fis, 3 Static Pressure= 12.081 PePt@G@= .,25e02 MNach= 1.542 
meio. 35 Static Pressure= 12.639 PYFtB= .235% Mach= 1.344 
ap Ho. oth Static Presszure= 12.151 PePrg= .2455 Maeh= 1.571 
ap Hoa. 41 Static Pressure= 11.97% PYF ta= .23595 Mach= 1.59957 
me tia. +2 Static Pressure= 12.998 PYPtro= . 2b fist his 2. aoe 
mete, +3 Static Fressure= 1e.925 PYPLa= .2052 Mach= 1.320 
ap) Ho. 44 Static Pressure= 12,599 PYPta= .2565 Naeti=i 1s ott 
me Ho. +45 Static Pressures 12.451 PePta= .2515 eae tile cto 
ap Ho. 46 Static Pressure= 12.5349 PYPta= . 2435 Mach= 1.388 
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eee SE WH IWAEL les l Ll ee eee eee et FGA et rE ERE EH SE or 


jtal Presiure = 36.°2S psia 
Serum Total Tétiperature = 62 deg F 
dbient Pressure = 14.747 pois 

> | Static Pressure = 56.729 psia Pe Pt ysl. soe 
meio. 8 Sreatie Pressure = S3.355 peia eet ee eee eta al 
ap Ho. 3 static Pressure = 33.863 peia fe ee iano 
ap Ho. 4 static Pressure = 33.3928 psia PYPLG= .68828 
aeeti. =| Static Pressure = 83.970 psia PYPt@= , BES 
eeetio., 86 Static Pressure = 33.449 psia PYPtg= .8534 
aera. 6 eeathis Pressure = 33.977 pei a F-Pt B= Se 
ap Hi. Static Pressure = 34.840 pia PePtb= .8°1a 
metic. ‘2 Static Presgzure = 34.065 psia Par tii= sr lo 
ap Ho. 16 Static Pressure = S4.8°5 psia fees) ten bee 
meric. 11 Static Pressure = 33.988 peia PYFPtG= ,B853 
feetio. le Static Pressure = 33.647 pais PerPth= seers 
meno. 1:5 Static Pressure = 335.°21 peia PvP t= .6647 
ap Hoa. 14 Static Pressure = 33.9575 psia PYPth= .B819 
aero. 15 Evavbeemiessiire = 35.595 psia PYPtW= .,s622 
geet, it Static Pretsure = 33.988 psia PYPth= .669%3 
metic. ir Static Pressure = s4.002 psiz P/PtW= orbs 
eee, 1S Street: Pressure = S3.761 psi PU Sec) 
een. 1% Static Pressure = 33.708 pera P“Ptb= ,fe44 
atic, 2 hoetis Presstire = 33.786 pia PYPto= . beds 
ap Ha. 21 spear ti Pressure = 33.5259 pata oe tet | gs tert terict 
ap Ho. 22 Static Prezgsure = 33.485 pzia P“PtLi= ,6526 
meet. 23 Static Pressure = 33.054 psia PYPtLw= .6215 
rr Static Pressure = s4.,6852 psia P/Pte= .6931 
Oeetio. 25 Best i Pressure = 24.3595 pseia PeFLte= ,8ren 
apes. 2h Static Pressure = Sa.497 paia eee i eens 
ao, 27 arate FE Ppessiure = 325.965 psia Pwo =" ai 2S 
feels. 25 Static Presgure = 33.941 psia Ree Ratti tee 1 
ap Ho. 29 Static Pressure 23.494 peia PE eee st 
ata. 3 Static Pressure = 33.150 psia PYF te= .62341 
geetio. 31 Static Pressure = B3.862 psia P7RtW= .Bir o 
ap Hi. Se Static Pressure = 32.642 psia PYPta= .6435 
Beerid. 33 Static Preteure = 34.285 psia PYPtB= ards 
ap Hi. a4 Static Pressure = 335.F51 peia PYPLg= .nbo3 
ap Ho. 35 Static Pressure = 34.45 psia Pep t= ee SS 
Speers. Sih Etats Pressure = 34.831 ptia PYPLg= .,8706 
ap Ho. SF Static Pressure = 35.3680 psia PYPLB= , 8576 
© 2 RE Static Pressure = S2.817F psia P/Pt@= ,84+6% 
Seto. 39 Static Pressure = 32.866 pia PYPt@= ,84°9 
ap Ha. 48 Static Pressure = 32.141 psia PYFLtG@= ,€533 
ap Heo. 441 Static Pressure = 31.882 paia PePtb= ,fLler 
ap so Ho. 42 Static Pressure ice =the Sl ct PYPLi= , S38 
an Ho, 43 Static Pressure Soe ad Shes ie P/Fte= .5511 
ap Ho. 44 Static Pressure = 32.505 psia PePth= . 6405 
Seiio. 45 Static Fressure = 32.455 psia PePtu= .8397 
ap Ha. 46 Static Pressure = 32.444 psia PYFLtG= . 8396 
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Sete HIND TUWWEL TEST 1 COHTINUED 


m Ho. +7 Static Pressure = 32.145 psia PYF t= . 
Bm Ho. +35 static Pressure = 32.062 psia PrYPLi= . 
my. 4% static Pressure 21.233 pais PYFtu= . 
meno. Sh Static Pressure = 23.475 paia P7Fti= . 
|) | Baile Pressure = 31.311 pia FE), 
prota. Be Static Pressure 21.284 peia Pee =, 
Pes. 3 Static Pressure = 29.516 psia PIP to), 
a Ho. 34 static Pressure = 22.6309 psia ee ee 
i Ho. 35 static Pressure = 34.574 psia P2E ti 
mens. 365 Static Pretzure = 25.358 ps.a PYPtLh= , 
meno. oF atatic Pressure = 22.531 psia PYrPLo= . 
feo. SS static Pressure elwola ps1 4 P“Pti= , 
a Static Pressure = 21.453 psia PEL wes, 
Beofic. 5Y Static Pressure = 6.225 paia PYPti= . 
meno. Hl Steetlo Pressure = 159,332 psi a P7P Pe. 
‘to Ho. &2 Beieatle Frescure = 15.789 ysia PFta=. 
Pens. 6 Static Prezgsure = 17.474 psia FYFL@= . 
BH. ot static Pressure 16.3428 psia PYFLtw= , 
tj Hoa. 565 2tatic Pressure 14.705 peia PYPtu= |. 
BoHo. &F eeatic Pressure = 13.639 psia P/PLa= , 
BiH. oF Static Pressure = 10.16F psia Fw“ Pte 

yp Ho. BS Static Pressure 14.601 psa Pert A= 

Bo, © Static Pressure = 11.257 psia Part uiar, 
hens. es Static Pressure Pies ups 1a FYPtu= . 
Siac. cil Static Pressure = 11.688 psia P2rPig= . 
mo, vo Static Pressures 23.404 peia Poe Le— .. 
Bio. fs Manic riressure = 25.629 psi P-Ptn=. 
po Ho. #4 tatic Pressure a ae = eS PYFtwW= . 
cero. i Stati: Pressure 32.322 pola Pe“Pti= , 
Gtilo. 6 Static Fressure = 33.525 paia P72 ER Eo=- . 
Baio. fr 2tatic Pressure = 15.0559 psia PAR oS, 
feo. ro Static Pregeure = 14,765 psia FFE GO= . 
Bae. 3 static Pressure = 32.923 peia PYFtLa= , 
Beno. 3A 2tatic Pressure 1S. 263 pe) 4 eae oe = 
fe. = S1 Static Pressure 14.733 psia Por vue. 
feo. SS Static Pressure = 14.752 peia P“Pti= , 
ip Heo. 83 aaGerressure = 1.260 psa PAPth=—. 
po oHa. S44 Sasieorressure = Lli.,l3f psia PA Raia. 
pou. 85 Static Pressure = 14.818 pera PfFLis . 
feo. SS Static Pressure = 14.308 psia FPYPto= . 
feo. oF Bteatia Pressure = 33.329 psia Peitio= |. 
poo. S89 Static Fressure “6.185 psia P/YPLu= , 
Perio. = 25 Static Pressure = 25.609 psia F’“PtG= . 
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feet ee eeete et LHELHUE WIHD POUWMHEL fesl & t# better ree eee ree HEH EEE ES 


Ttal Fretsure = 49.5655 psia 
Penum Total Temperature = 65 deg F 
Abient Pressure = 14.°53 psia 

ap Ho. 1 statig Pressure = 49.561 psia Bie te 
ano. 2 static Pressure = 168.251 paia eh tia” “sao ae! 
ap Ho. 3 Static Pressure = 15.997 psia PVPLO= 9. 22am 
ap Ho. 4 tatic Pressure = 16.202 psia PYPLQ= .32e9 
ap Ho. a Static Pressure = 16.415 psia PYPth= 3312 
ap Ho. 6 Static Pressure = 16.938 psia PYPLH= 3416 
ap Ho. 7? Static Presaure = L8.244 psia Pea. eke a 
ap Hi. 8 8§= static Pressure = 15.811 psia Pkt Gl ey siciale 
ap Ha. 9 static Pressure = 15.634 psia PYPL@= . 3368 
ap Ho. 18 Static Pressure = 16.5960 psia FePtes . sce 
ap Ho. 11 Stats Pressure = 17.656 psia Paki i=" 4) cgi 
g@eetio. Le Static Pressure lbeee27 (ps ia Perte= ssh 1 
ap Ho. 1:3 Static Pressure 19.156 psia eet ie cuales) 
ap Ho. Ld Static Pressure = 17.7392 psia ee tele Stas 
ato. 15 meat ree Pressure = 15.109 psia PYPto= . 3259 
ap Ho. is Static Pressure = 17.211 psia P2P i=. sr 2 
geo. Ilr Static Pressure 13.849 psia PYFth= . 3303 
ap Ho. 15 Beats rressutre = 17.249 psia PYPtBe= S833 
aes. 13 Static Pressure = 19.190 psia Pe Ptg= ooo 
agtio. 2b Static Pressure = 19.4352 pstia FYPte= ., 3328 
ap Mo. 2 Static Pressure = 19.137 pala PYPtB= .3361 
ap Ho. 22 Static Pressure = 20.3916 psia PYFLOa= .4u9'3 
@etHo. 2 Static Pressure = 29.619 psia PYPLi= .4155 
ap Ho. ee Static Pressure = 15.101 psia Fee yu ce 
‘gee Ho. 25 Static Pressure = 15.699 psia Pi ites ee ooh 
aap to. 265 Stati’c Pressure = 128.859 psia Pei is: es 6 ee 
‘api. ey Static Pressure = 19.383 psia PArtt= 5 ose 1 
Sepia. 25 Static Pressure = 26.322 pia P“Pti= .4100 
‘ap Ho. 25 Static Pressure Paes fis a P27 Pe see 1 
ap Ho. 36 fieee Fressure = 19.3555 ptia Fe tee sete 
satis. 31 Static Pressure = h.2¢7°9 psia Pe rieee .4 es] 
Sea, 32 Sreeatals Ptresstre = 22.014 psia FvePta= .4441 
faeido. = Static Pressure = 15.6°6 para PrP GMS oi eo 
app Ho. 34 Piet ricessutse = 19.1351 psia PePti= .sse4 
eo, 35 Static Pressure = 26.435 psia PHetg=—.4be:s 
ea. 36 Static Pressure = 19.017 psia PAeta— oo 
pelo. Sr Static Pressure = 19.445 poia Popes ote 4 
SE Static Pressure = 19.118 psia Pome soe 6 
fae He. 39 Static Pressure = 19.083 psia Bete ses 
ap Mo. 40 Static Pressure = 17.995 psia PePtm= .4832 
fae tia. 41 Static Pressure = 22.030 psia FYPrug= .4445 
app Ho. 42! Static Prezsure = 19.273 psia Peet Wie Seer 
ap Mim. 43 Static Pressure = 19.835 psia P/Ptm= . 3546 
“ap Mo. 44 Static Fressure = 15.746 pois P/Pt@= 2732 
“ap Mo. 45 Static Pressure = 19.524 peia Gea Wim noun) oa 
(ap Ho. 46 Static Pressure = 19.859 psia Pert G= 7 sos 
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St 4 1 ressure = LS.618 psia Pe Pie 
ap Ho. 45 static Pressure 13.492 psia PYF tas 
ap Ho. 43 static Pressure = 19.233 psia P“Pt a= 
ap Ha. 0 Static Fressure = 19.478 peia PAP te 
ap Ho. 31 Static Pressure = 15.850 psia PAP ti 
ap Ho. 32 Static Pressure = 15.9529 psia PAF L i= 
ae Ho. 32 Static Pressure = 13.142 paia Fee ta= 
ap Ha. 34 static Pretsure = 18.558 psia PYP Lie 
ap Hea. 35 Static Pressure = 19.843 psia PYPtia= 
ap Ho. 36 static Pressure = 1o.621 psia PYF tas 
ap Ho. Sr EReatie Pressure = 1lr.e79 psia PePtb= 
ap Hoa. 38 Seat emkreeslhe = Le. e359 psia P/Pti= 
ap Ho. 3° Static Pressure = 17.557 psia P“Ft a= 
ap Ho. 6&0 SeatiGerhessure = 16.67Ff psia P/FLto= 
ap Hea. 61 Static Pressure 16.4093 psia Per — 
ap Ho. 62 Static Pressure Voie ce pis 1 a PYF tL i= 
ap Ho. G3 maiiGeGiecslr= = LaA,ce3 psia PYF Los 
ap Ho. &4 Static Pressure = 14.8690 psia PYPta= 
aeoHo. Gs Static Pressure = 13.3926 psia Fv Pt a= 
ap Ho. 66 Static Pressure 12.496 psia Fe Pt i= 
‘ap Hoa. 87 Static Prezsure {io das S13 FY PL i= 
ap He. Gi Static Pressure eee ctr aot PePta= 
fae Ho, &'9 Static Fressure ee le pS 1k FF t i= 
“app Ho. Fea Siatic Pressure eel. ps PP t a= 
le Ha. ri eravic Pressure = 11.3577 psia PYP Lis 
Nae Ho. re Static Pressure = 18.502 psia PYF Lis 
‘ap Ho. fs Static Pressure = 15.815 psia PP. ga 
‘ap Ho. 4 Static Pressure = 26.6275 psia PYPL a= 
fae He. 3 Srariy>c FPirescsure = 1le.S6e3 psia FYFtis 
fae Ho. 76 Static Pressure ee eS P/YPLg= 
ap Ho. fr Static Pressure = 14,602 psia PYF tia 
fap Hoa. 3 Sratic Pressure lo. 32 peia FYPtys 
fae Ho. Static Pressure = 19,494 psia P/“PtG@= 
fap Ho. 38 Static Pressure = 14.321 psia PW Pt a= 
fap Ho. 1 Static Pressure = 14.66 psia PYPtg= 
fap Hoa. Se Static Pressure = 14.77? psia Pe Pia 
fap Ho. 353 Static Pressure = 11.978 paia PYF t= 
Tap Ha. G4 Static Freseure = 12.035 psia PePtis 
Tap Ho. 35 Static Pressure = 14.6°3 psia PP tie 
Tap Hea. 6 Static Pressure = 14.918 psia PYFta= 
Tap Ho. 87 Static Pressure = 16.596 psia PYF tis 
Tap Hea. 25 Static Pressure = 16.339? psia P’FtG= 
fap Ho. 3 Static Pressure = 21.655 psia P/Ptus 
Tap Ho. 38 Wall Exhaust Static Pressure = 15.0107 psi 
Tap He. Bi Wall Exhaust Total Pressure Vibes es st 
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eeeeeeeeeeese WAVE CAHMCELLATION TEST 1 see e ee ee ee ee eee tee erer eee 


See Presctire = SH.171 
enum Total Ténperature 
sient Pressure = 14.705 pp: 


ll a 


ti a pv 
ate G 
to 
T 
i 
“Th 


ap Mo. 1 2a Veer hesstte = o4,155 ptia eae ree cl 
Bee He. 2 Static Pressure = 16.6864 psia PAP TUS . 3321 
See He. 8 3 Static Pressure = 16.445 psia Pe rtus . 2274 
ap Ho. 4 static Pressure = 16.751 pois PYPLO= .33539 
See Ho. 3 Static Pressure = 16.6535 psia Pr ta a seo 
Be Ho. 6 static Pressure lf.155 psia PYPtM= . 3419 
Bi Ho. 7 eiatic Pressure Teeeuiilas eps =) ye P/PtOG= .3312 
Be Ho. © Static Pressure = 17,085 psia PYPLg= . 3451 
Bp Ho. 4 eiatic Pressure eGemes est) plo leat Pact ao 
ap Ha. 18 Static Pressure lrefee psia P4PLW= . 353-3 
Be Ho. Lil Static Pressure = L3.142 psia PEt = semi 
me Ha. 12 Static Presture = 19.7°6 peia PYPtM= .3aFd2 
ap Ho. 13 Batic Pressure = 13,3253 peia Peet. hy ot 
ap Ho. i4 Static Freezsure bis sts 1 a fee en rails 
feta. 15 Stati Pressure 15.644 psia Pano. Solr 
ap Ho. 16 static Preszure = lr. rsd psia PYPtOs .3535 
ap Ho. if Static Pressure 12.945 psia Poa tle. G0 
ap Me. 15 Static Pressure = Le.624 psia ately on cue 
we Ho. 13 Static Pressure L2.590 psia Pe CNS Si eS 
ap He. 2Y Static Pressure = 18.264 psia PePtw= . Shag 
ap Ho. 2 static Pressure = 1f.539 psia P7 Ett, sa20 
ap Mi. ee! Static Pressure = 1°.839 psia Pept = 6, Sse 
me Ho, 2:3 Static Pressure [Snot fied Par ed= G03 
ap Ho. 24 Static Pressure = 15.7568 psia eee cial as 
ap Ho. 25 Static Pressure LB.457 peia PYPLtO= . 3805 
ap Ho. 26 Static Pressure = LP.SES psia P2Rtu= sede 
Pe tio. <7 Static Pressure = 15.648 psia ee S eee ari 
ap Ho. 28 Static Pressure = lo.fe3 ptia PYPt@= .sas4 
ee He, 25 Static Pressure = 16.454 peia P/FLa= , 2280 
ap He. 38 Seattle Fires sure 16.544 psia Pew. eS 
ap Ho. 31 Static Pressure Deve oo) ¢ fie) = Pata 95 ska 
me Ho. 32 Static Pressure = 14.453 psia PYPtB= 2851 
ae Hm. 3:3 Statie Pressure = 13.0693 ps14 FFP t= 6 cities 
app Mo. a4 Sate FPreestire = 17.212 psia Ree ei eee 
ee to, 35 Static Pressure ema oe) eM Pea. Se Oe 
melo. Se Static Pressure = Loe. sls peia PYPLB= 3252 
ap Ho. 37 Static Fressure = 16.892 psia PE Apa la ero ili” 
ae Ho. 32 Static Pressure he. ea> pis loa PYF Lu= ,32he 
me Ho. 39 Static Pressure Teme ary ee lest Pyne  . S16 
ap Heo. dh static Pressure = L5.193 psia P/PtW= . shes 
ap Ho. 41 Static Pressure = 13.664 psia PAPE A= .eroe 
ap Ho. 42 Static Pretsure = 135.514 psia Perio .3il2 
ap Ho. 4 Static Pressure = LS.852 psia FYPtLWw= , 3168 
ap Ho. +4 Static ee = = 15.639 peis Pea Sly 
ap Ha. 45 Static Pressure = 15.432 psia PePtB@= , 3076 
ap Ho. 46 Static Pressure = 15.234 psia P/PLBg= .3hdo 


Table C-3. Wave Cancellation Test Data 


og 





Bee ELLHT (OH TEST 1 CONTINUED 


a 
an 
ab 

~~ 


crs 
ot 
je 
ce 


Bp Ho. 


% 
cn 


fir 
tT 
_ 
u 
ct 
{ 


sure = 15, 


i 


2 1c Pressure re ps : 
Te Ho. 45 Ei VelrhPessure = 15,835 psia P“YPtm= ., 
Or Static Pressure = 14.539 psia PYPLo= , 
moe Ho, 38 Static Pressure = 14.550 psia PY ETH 
Te | Static Pressure = 14.599 psia PYEtO= . 
Be Ho. Se Static Pressure = 14.4392 psia BYE Ve) 
Be Wo. I Static FPreseure = 14,555 peia PY Ete= 
Te Ho. a4 Statice Pressure = 1Ll¢4.243 pia PePth= 
Be to. SO Beavia Presciire = 14.335 psia FoRtGe: 
Be Ho. 36 Static Pressure = 14.245 psia PYPt@= . 
me Ho. Sr Dteatic Pressure = 14.020 psia PvE te— =, 
Be Ho. 38 Static Pressure = 14.152 psia oe it 
Seta. 25 Static Prezeure = 13.364 psia PYPta= , 
Beto. 6&8 Static Pressure = 1g.rr3 psia Pe Pty= , 
Be tea. Ef Bieatic Pressure Vege a. as Vs PYPtm= . 
lip Ho. 62 ~meavic hressure = 13.113 peia FYPtB= , 
mp Wea. 6&3 Static Pressure = L2.4/70 p2ia Pe Pita, 
hip Ho. 684 Static Pressure = L2.745 psia P-YPto= . 
mo Hoa. GS State reessWte = 12.3574 psia P“PL@= . 
Be Ho. 6 Static Pressure = L2.857 psia P’Pte= . 
Be Ho. &¢ iiss Pressure = 12.829 pe1a FePty= , 
me to. © Static Pressure 12.550 plia PreEta= 
4p Mio. 8° Static Pressure = L2.114¢ psia Pert 
ap Ha. ¢i Static Pressure = 11.678 psia Pe eee ere) 
Bp to. Fi Static Pressure = 9.998 psia P/PtG= . 
Bee Ho. v2 Static Pressure = 16.969 psia PYPtH= JS 
ap Ho. Fs Static Pressure laa ce toes 1 oe Porta . 
ap Ho. 4 Static Pressure = La.fr?s peia P/PLa= , 
Beto. 3 Suet lG Pressure = 16.514 psia Parts. 
ap Ho. F 6 Static Pressure = 16.422 psia PfFtip= . 
oe Ho. rr Static Pressure = 14.789 peia pa 
ap Ho. FS Static Pressure = 14.754 psia F-rto- =. 
eto. 's Static Pressure = le.Wrl peia PYPtW= . 
ap oto. Sh Static Pressure = 14.7928 psia poet SS ee 
See. Sl Static Pressure = 14.720 psia PY EveS 2. 
ap Mo. ce Statie Preszure = 14.7353 piia FWRVe= . 
Hom. 3 Setavic Pressure = 11.930 psia gee} Ble 
ap Hoa. 34 Static Pressure = 12.257 pela Peta 
app Ha. 35 State Fressure = 14.632 psia PEGS 
ae fio. 36 Static Pressure = 14.425 psia PePLra= . 
HO. a¢ Staavia Fresstre = 16.3569 peia P“FtB= . 
ap ta. 83 feate Pressure = leo gla nels PrP w= . 
ap Ho. 39 Static Pressure = 14.0634 PE PYPLg= 
ap Hoa. 9B Mall Exhaust Static Pressure = 14.707 psi 
aero. 31 Wall Exhaust Total ee aces = 125.200 pia 


Table C-3. °' (Continued) 


190 


‘ 
— 


“Hus 


) 


Sal 
=, 


_ 
a 


ope 


i ope 4g 


1% ee pe 


“a oe a 


a >) oo 


we mM fs 


se = 


Smh ben aw se Oo il 


ih 


Rh FMF FS Pw fo ho fo fe Po fo Po fe fe 
min inh BN mm And 


on tl 


— On ce 


nha bow ets 


x1 
fa 


fo fa mJ 


wv Amn fnew Oe eww & 


N fo Qk vw mm GN & CO Gos fo at he om 0) 82 0 


wD 


age «ge fae ot 


4, 4? 


spp ap) fa 


Qf he Pah fh fo bs Oo TO fo oo Os FO 


Ie Go 
“EPs fo 





see teeeeteeree WAVE CRAHEELLHIT TOW TEST & +x et eer eee rer et eee tere eeer 


4] Prezsure = 
erm Total Tenis 
nent Pressure 


™ Gi 


pe ju! « 
Ti; 

a 

| 


a 
= 
a 
Ty gt 


TT 1 Ln 
te = 
Ty 

“Aj ote 

Or 

‘oo 

i's 


Mm tho. 1 Static Pressure = 30.3459 psia Pert m= 1. wie 
bp Ho. 2 Static Pressure lb. ’o2 peta Pa Pt i= 6 Sse 
uw He. 3 static Pressure 16.968 psia Pepin 2 se 70 
ap) Ho. Stearic Pressure = lr. lee psia PYFtuw= .3465% 
fm Ho. 3 tate Pireseure = le.s24 psia FYPLe= . 3342 
ye Hoa. 6 eteatie Pressure = Lr.ilfe peta Poy, = oe ol 
m Ho. 7 Static Pressure = Lle.Fae psia Bart = sce 
bp Ho. § Static Pressure = 1f.1379 poaia PlPt i= 2 2417 
aye Ho. | 9 pirate Fresstire = l7.1lrs peia Pw“ Ptw= .s412 
ap He. Le Static Pressure = 17.980 psia Re =e Sl 
bp Ho. 11 Static Pressure = 13.355 psia PePtg= .3652 
bp Ho. 12 Static Fressure 19.033 psia PeYPLas . 2781 
mi Heo. 1:3 Static Pressure 13.514 psia PAEe i= ose = 
ap Ho. 14 Stat yo Presciire = lr. fs peta Pap ie SoS) 
my Ho. 15 Static Pressure = 16.724 psia P/YPLB= . 3222 
Ae Wo. 18 Static Pressure = 13,009 psia Ppa 2 sar 
me Ho. 1f Static Pressure = 19.145 psia PVFL OS. 24 
ae to. Le Static Pressure = 138.9209 psia Fea atelier ee Shc cctact 
ee Ho. 15 Static Pressure = 18.743 ptia Fairer ee oct et 
ap Ho. 28 Static Pressure = 18.276 psia Pe tie. cues 1 
ap Ho. el Static Pressure = 17.843 psia PYPtH= .3546 
Be Ho. 22 Static Pressure L2.W31 psia F-Pri= 3 3294 
ap Mo. 23 Static Pressure 16.525 psia PePtB= . 3343 
ap Ho. 24 static Pressure [pe ch 2 ease Pages or al oe 
me Hoa. 25 Static Pressure 13.7335 psi x Pop vela ts 7 32 
ae to. 26 Static Pressure = 1¢.424 psia PYPLa= , 462 
Be Hoa. 27 Static Pressure = 16.978 pzia Paptigina, 20S 
mete. 23 Satie Fressure = leo.eul psia PYPtH= , 3545 
me Ho, 29 Stauie Pressure = 16.7688 psia BO og 
ap Ho. 34 Static Pressure leecal ps4 P/PLB= S368 
mo Ho. 31 Static Pressure = 15.866 psia PYFtO@= 3152 
ae Ho. Se SVeavlceri#e=esitre = (5.6375 pSs143 P~eieoe ,. ol le 
Be Ho. 33 Static Pressure 13.442 psia PePtw= . 3362 
ap Ha. 34 Static Pressure bee aa. his Pt Soot 
mo Ho, 35 Static Pressure 15.854 pia Pee 6 te Lo 
ap Ho. 3é Static Pressure 16.444 psia PYPLO@= ,326r 
me Ho. 37 Static Pressure eres rise at Peat ve tea 
mp tia. 33 Static Presiure 16.4335 psia Paeto= . ser a 
me Wo. 39 Static Pressure = 16.644 psia PYPLtG= 3387 
ap Ha. 40 Static Fressure = 15.733 psia Papa ley 
ee Ho. 41 Static Pressure = 15.395 psia PYFtg= . sud? 
ap tia. 42 Static Pressure = 15.725 psia Repeated 
wo Ha. 45 Sati Presstire = l6.211 psia Peet 4.326 1 
on oH. 64 Static Pressure = 16.0826 peia FYPtw= . 3154 
Mp Ha. 45 Static Pressure 16.445 psia Peet. see ye 
Bp Ho. 46 Static Pressure = 15.124 psia P/PLB@= .3283 


Table C-3. (Continued) 


Oe 





ap) 
ap 
a7 
af 
ap) 
4 ft 
40 
a fi 
ap 
a 
ENS) 
ap! 
A Fe! 
a 
ap 
ap 
ap 
ap 
“aR 
“ap 
"ARS 
“ay 
“ap 
ap 
et Ft 
Pep 
Tap 
ap 
[ ap 
[ps 
Tay 
Tap 
Tape 
Tap 
hea Ft 
Tap 
Taps 
Taps 
Tap 
Tap 
Ta f 
Tap 
Tape 


BeMeeLLHIT Tut TEST 


H Cle 


Ho. 


Hi 6 


Hin. 
Hic, 
Hoa. 
Ais. 
Hin. 
Hi. 
Ho. 
He. 
aor 
Hi, 
Ha. 
He. 
Hin. 
tim, 
Hoo. 
Hin. 
Ho, 


HY le 


bic ® 


Hin, 
Hi, 
Hi. 
His, 
Hin. 
Hin, 
Hin, 
He, 
His, 
Hoo, 
Ho. 
Ho. 
His, 
Hr. 
His, 
Min. 
Ha, 
Ho, 
Ne, 
Hin, 


HH ID 


2 


aie af 
yt 
pe jut 
te <¢ 
an 


ct 


mt 64 
pie 


maak me 


Hh oe ot fea oe 


ie 
ae 


yea nn e 
ji! 


re 
— ‘ 
a 
‘ 
+ 
a 


ita 
Ww 
xt 
mm 


=? 
oe 


iy 1) 
ju! 


ed 
m 


yt 


a 
pw 
rt 


wy 
pw 
= 


+ 


ie A en A ee oe eo A oe 


fut 


=e 


mn m=) Jy 
pe! 


ane ci 


=> 


. ce 
an 
o 
ct 
rm 


7 oH LA en A 
jit 


oP 
it 


= 
pt 
< 
os 


tat 
‘1 = 1 


io 
= 
jue 
7 
aon 


wae 
ct 


pt 


> 
oom 


ow oF 0) 


Oo 2h OF ee DF 
im ¢ 
oe 


e ro 
om on 
oo 


m3 
oP 


ome ee Oe 


“pom oh GL os Pe 


eo 


— pot A TY me mG ed ed ed TT TH 
or wy 
“eet 


mo 08 
“7 


wa] 
om 


cee ay 


e by we 
thi tae tt 


veo 


7 OO Go fea ee Ge 


mo 


mw 


00 
a 


Oy 
age 


Te aa) Cane ae 


~~ 
/ ie 


nyD yvTVTVAWAVDVe AWD Uy 
~% Tacup nay 8 
| it ot oh ths ohh oD 


Uv UD 
ye 
iT 


F' 
F rs 


Fy 


Pr 
ata 
Pr 
Er 
Fire 
Pie 
Fire 


Ty 


ve ese ee eee et 


Te 


Fr 
Fr 
Fre 


COW TITHE TD 


é 


ITs Af Tr «=66Ty os Te 


Th 
a 
il 


— ‘ 
~v 

yd 

ul 


iT hs ot 


ce eee 


_ 
— 
2 


fee tT: Th 


Gar 8 
a 
= 


D 
~ > % 
iT) 0% =D TY % i 
tye tye Ate eet ee eee et 
ea 
«Ta it in 
nou w 


DG o 
tl 


v DD VDT 
ae poe 
Tt DH TT DY 
iT 1T) «0Te Ty iT oT) «Te 1b 
il 


is tee ee fee ee ett 


% iF To «6Ts Te «Te DD 
Ts Te in iT) Ts ) Ce FL 
ul low &@ ou 


0Te iT) i 


1% ot wh 


vuVVyDVIUV 
Sees > 3S eS 
0 


Te «Tt Type Te iT 1G 
‘T) 


Ts §=66Te 0 


Lehre 


13. 


ee 


ei 
14. 
Wels 
Nate 
13. 
Vo 


14. 


pe pe 
& 


L+. 


se 


i. 
1) Be 
“a 


— 6 


1S. 


eee 


“a 
= 8 


a. 


le. 


de lie 


q 


7, ¢ 


moe oN 


= ee Re 


14+. 


16. 
14+. 


1+. 


14. 
ie 


w 
we 8 


14. 
14. 


Liar 


16. 


Ll¢. 


Table C-3. 


4. 


S43 
etc! 
¢ iis 
425 
5 
246 
o's 


mae 


-— 
‘onthe 


ma ~ NM SOA OP wn & S we ff. 


oc 
1D to 


wDGe~ Vom & 
mi Ji tt 


rt age oe 1 


Ce se 


ih bb Boe on 


fie oy 8 se 
wT 


A ee 


co 


Py A YnMOP HHI vw nahn wWweammwmy-onmte 


Ts Wi he fimo Ura nwowmwe Wray bhe TN 


me Oe th 2 
o 


fa 
foe = et 
ui 


—. 


pe 


~~ 
e484 


jut 


ws 


— 
wf! 


——r 


ue 
pt 


——r 


—r 
ae 


De) 
we 


ww 


= 
ww 


pe 


JUST hl TT 
te we 6 


ae 
wy 


“Tr 


To 
pus 


Lee eee eee ee ge eae ee eee tin eee eee 


fe 


a 


jue 


TG 


me 
ju! pu 


— 


ji 


— 


pu 


—r 


ju! 


a 


pe 


—7r 


pe 


fe OP 


ju 


vw 


p 


ju 


8 of 


jut 


ae) tlt 
tra 
wp 


ww 


u 
ju! 


we 


1) 
j! 


—rT 


oo 


wow pe 


we 
ef « 


it 


——T 


fa 
jut 


ww 


pe 


~~ 


pt 


TT 
np 


wo 
pe 


Wy ee ie te eee ae Wo Ope 


pt 


PH F't, 
fe eet 
eee fet 
Prt 
Ee Bit 
Fert 
FF 't, 
Fok t 
E7Rt 
Pye 
beat 
FY“ Pt 
F/Pt 
Pert 
See 
Pert 
PoP t. 
Reet 
PF t. 


P/PL 


Faataat 
Paks 
aces iat 
PAR? 
dea 
Ek, 
P/Pt 


a 


a 
TH 
+ 


P/Pt i= 
PPL a= 
Feet 
Pe PLis 


(Continued) 


- 


(Se om 


me 
i | 


pel 


— 
A 


- 


ot 
| oe 


he 


a 


bow 
2) 


Mm & 


mo 


Mr SD Ee 


tt 


te 0p 


- 
o, 


ti, 


= 
— 


¢ 
il 


— 
t 


i 
rw PPP Pe ho he hoe Po oP PP eo Pe PO Pe 


‘ph fxs ete sg oe fk oe es fel 


Ct 


eat NL 
tl 


oo 


res 


hea 


22148 


= lth 


~~ 


ecules 


Wad 
en 
a 

we 


i! 
J+ ©h 
fj! 


Poe Oo NN ee at 


» ont ) 
os ~— 
fea 


—_ = 
ad 
St fs 


cot 


mr gt age eget 
ho 


Ir 


. re 


CW CN CH oe TH LA LH md ON 


AR-JRe Ye TH Nfs 0 2 


3 Woe 
6 


foo ON oe ff. 


Oo ee Ao Pd os fh Oo oT et 


om LN 


=-, 
as 


or 
Dot ee fe ee ee 


Ro fF) 2 os fF PD os oo 


2 
ees 
ash 
ele 
oy oe is 
at res vee 
25 
~ (ct 
erg 





LIST OF REFERENCES 


Demo, W. F., Cascade Wind Tunnel for Transonic 


Compressor Blading Studies, MSNE Thesis, Naval 
Postgraduate School, Monterey, CA, June 1978 


Arnold, M. J., and Fjelde, J. A., Preliminary 
Calibration of a Cascade Wind Tunnel, AE 3815 
Laboratory Report, Department of Aeronautics, 
Naval Postgraduate School, Sept. 23, 1978. 


Zucker, R. D., Fundamentals of Gas Dynamics, 
Matrix Publishers, Inc., 1977. 


North Atlantic Treaty Organization Advisory Group 
for Aerospace Research and Development Report 


AGARD-LS-39-70, Supersonic Cascade Performance, by 
H. Starken and H. Lichtfuss, August 1970. 


Goethert, B. H., Transonic Wind Tunnel Testing, 
Pergamon Press, 1961. 


Arnold Engineering Development Center Report 


AEDC-TR-60-9, A Summary of Perforated Wall Wind 


Tunnel Studies at the Arnold Engineering Development 
Center, by M. Pindzola and W. L. Chew, August 1960. 


Bruhn, E. F., and others, Analysis and Design of 
Flight Structures, Tri State Offset Company, 1965. 


Geopfarth, R. N., Development of a Device for the 
Incorporation of Multiple Scanivalives into a 


Computer-Controlled Data System, MSAE Thesis, Naval 
Postgraduate School, Monterey, CA, March 1979. 


103 





INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 
Cameron Station 
Alexandra, Virginia 22314 


Library, Code 0142 
Naval Postgraduate School 
Monterey, California 93940 


Department Chairman, Code 67 
Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


Associate Professor R. P. Shreeve 
Code 67Sf 

Department of Aeronautics 

Naval Postgraduate School 
Monterey, California 93940 


Mr. J. E. Hammer, Code 67 
Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


Lieutenant Commander K. F. Volland, Jr. 


Code 1133 
Pacific Missile Test Center 
Pt. Mugu, California 93042 


Lieutenant W. J. Demo, Jr. 

c/o Supervisor of Shipbuilding 
Conversion and Repair, USN 
Long Beach Naval Shipyard 

Long Beach, California 90201 


Turbopropulsion Laboratory, Code 67 
Naval Postgraduate School 
Monterey, California 93940 


Mr. Karl H. Guttmann 

Naval Air Systems Command, Code 330C 
Department of the Navy 

Washington, DC 20361 


104 


No. Copies 





10. 


Dr. H. J. Mueller 

Naval Air Systems Command 
Department of the Navy 
Washington, DC 20361 


105 

















nee Oe Hh i 


vr om wa 
A Me Ry Voie ERED SAS PE SI I Te Mire bre 
rah v rs } B " Cre ’ 
iat 





Boies F Hee . or ate r WA Te Oly r ht i} thesV875 

vor a au ry P ri n u a i 

SRA Ce Re i A Tr 

fad PS e Pg ; FPS A) eh . i Cascade 
E95 Lg id BRE be fi “hs pe kA oe) i OM 


2 € wind ie! ‘pil 
PASS IU EATeeIL ge HT Hi 
Ih il 
| | 


7. Lif 4 9 POI Py; y | 

[oe j ap tae) Or 7 SEE ARL 7; ee | 

ey f ies y A Mf ‘if cf ry 4 is FJ ef 
fy etfs } 5 BB j t 

ae P ye os Fa f CS PP os |) 

ia se 7 swe ty oe P b Fi 1 
Vy j . fo Per ga" se r Cente iid i] }] | {| | 
is AD - ¢ ne I | 


Lee rs a : 















sir we rs Fira bs 
i Cua Pa 7 sf » f Lf F 7 DUD 
y, Bs ‘of , ‘ ‘ - 
j LOU Aiea LEY K 
ce tbe | FAME SCALA AL yh by ARO ide NOX LIBRARY 
s 6 bd. f : a» 
rw h , f ey 
FA aeery ' 
oe ed ; ay y -_ A 
re 2 "7 tia LM m1 PF 
ha? 1 eet Ie ‘ rd Parl ‘ ‘d / 
pm toe Pe Phe , ea Pe: 7, Vi is , at A af f 
pry ee ee hah) ho ay Pies é a J at. a 5 P F P P 
. L af 4 4 os og re #3 Cl Pk Ce aes cat | r ’ 
re Te ae at P i 
ry a yee wad ot fr f F 7 
48: aes td 4 Qa y a 4 F ® £ ¢ 
oe) ae - Perth fe re * Dd 4 Fi 
rtd Fi ~~ | yr AE oP Sd ¢ F ’ 
tb Lait ia P y 
a Fis a) we . € Te rs i , 
d 9? aed ‘ ra + 
a Vial's «¢ rt a vt | > 5 ’ 
f tf iP oe ? 
¢ a 
tae F P Y ya " f 
wv Se» 
¢ ee P - / ’ 
aed” : oS OY ee 
Cee > r = Pde 
ee wari 7 ~ e or 
73 Pa ry 4 TT) 
F 4 P = e - 
Pp 
- « rs 
oy PS ; 
a P *f ed 
"A Fa d se a 
A ? ‘ 
Fa 
Fh 
= Ps 
pr 
r* ad 
¢ 
A 
@ 
. 
a 
. 
OT 
3 
bs A @ 
4 J 
s 
ei awe a 
ee ‘i Pe e —% re i a 
ee = a nN alge 7 ~ 
bah | gies A + SY * 4 ¢ 
i i bate te a LY 
at . ~ ei. | ton} wr + 
a2 a bie yt i a as: eS ie a 
ee a ee a ROC CS ’ 
ye Os ois ~~ 
eS RN te COR : . 
ri Cen n 
yaaty sete = te % 3, my * “ %. Ee ee ts 8,1 , ; 
¥ a eS , aR Pa y yo wh. aay aa ce . SF +s The SY ' 
rf q h ta ~. J ‘ . 
seh OR ENE ranks Rae +5 ri \ $1. &% ne / H 
SSA ahh + a Py te Oa i & rays 5 
Sees beet terns Nees eee Rt rp to Lae et F i 4 & \ek, ak 
Sse yey S ea CEs * “ah ee oy iN ret | \ rl 
Ee wh Wek ke p Ga ba Cu , Thytye 
OBR Charbel SLE RRC Ao aN : 
x" SOAR ete \ vee x ‘ i Lf 3 ss 
ke nity Ot + TA ae tei >be he Py Ye h MW e RN 
a TREY WSCA Bly atrasel oy , as ’ 
yee Neggger L YS hed. jy ~AAN oS hh i ak} DA % i 
ee Se 9 X eon A » b : > 
“oe Rien Loe mrs . a Nee “ 0 } hy i | * a | me 
Tac ray a bt ie vate os a hey vt. eT ry} . 4 ¢ r 
RSS sy " he WWI » % 2% 4 FI 
are SET UNA AEE URE ‘ 
SAO oS SARS OAT OA REID RG] 
SES a ae SN a ot wird vs i ew A { 
Th ‘ b ‘ 
eR SS ih sy RSERINY Nh Sak xy R bee WeAadi H, OCU . 
St sy " Ye 195.9% ed Were ee - } 
oN SAN SAU LRP HLA 
‘ es a Hh a v ert ih A ee L a) : 
Wh Ne . wT a aoe 
aS awa us x AN SRR EN x eA R TE 
AN aay LETT at 4 PONS RR NAS H 
aS 5 NR be ane * 7 bd 55 Miah ah iW hic ; 
AF nN 1) Y a “4 $8 + ar [r z ve * 
: a r% y bOI Nad te Gi ntge ‘ we 4 vs 
aN $5 A a ‘ \ Wa te ewe \ : J \ 
Y x ee op & 
Tas IY rt a xi \ g < x4 uy ad ‘ wa , N n 
BRT eS en BAS TRE ay bt : ne Ds | 
cS ik es ee Tt ay 1 TT RTE \ \ nn) 4 PI 
2 F h 
waa SR Rue Get \ Norn ' het 
ay wv WAS a » & Se TE hy q Th ‘e 5 t rl ‘ ou 8 + 
a) Ne s a \ * HAY F US a | oY vy" a A . , i 
A . . 7 
yet b' t Curt! ie EE A Let 2 hs Pa 
RR SONORAN 
ROARK ORO NS | We ha OCT AS VAR 
Sh Se TAY TO BY YS Bi MS ay ba TOL | 
REIS URUK ON OER CR 
an Pb Ly ; , a 
A K siren Rh eh \ Cette ich hk WW hy \ 
Pegs hy ty hi cS hE en) 
AYES a Sic PNY WiC HR SED LR OMEN . 
oe Aaa rus he eRe ig BS &A WN eR Hate hs en y 
NY hy ey i, 8 i) 1 ie ine 4 ack A r r 
Ua Ras AN REN aN i, Wt ho aK Y 
Rhye NY le “ + i WR b 4 L A} i i] 
eA AUS ey ‘ SS ‘eK , Aa F 
SAAN Nee ‘ye eA AA, 
ROR AS ee ieh a ot 
Ne ai he Me , rh ‘ PR tia \” ead , = fl 
Ent , Vien vontie oR Ae | t 
DUK WANN Rte va OLS ht a 
Ay NN Ch a WAKE) Neel vata ts 
, , | ties. | r ay 
; Wi) TaN AVA uy aaa tk i { 
: in es aN i! SN N aN } igh, hy URS 4 A ‘ 
a Ye ; 
Fits ete ss Wi ahs Nh CO Ne eh eS \ 


ea 


